Activation of C-H bonds in the sequential reactions of Pt + + x CH4/CD4, where x = 1 -4, have been investigated using infrared multiple photon dissociation (IRMPD) spectroscopy and theoretical calculations. Pt + cations are formed by laser ablation and exposed to controlled amounts of CH4/CD4 leading to [Pt,xC,(4x-2)H/D] + dehydrogenation products. Irradiation of these products in the 400 -2100 cm -1 range leads to CH4/CD4 loss from the x = 3 and 4 products, whereas PtCH2 + /PtCD2 + products do not decompose at all, and x = 2 products dissociate only when formed from a higher order product. The structures of these complexes were explored theoretically at several levels of theory with three different basis sets. Comparison of the experimental and theoretical results indicate that the species formed have a Pt(CH3)2 + (CH4)x-2/Pt(CD3)2 + (CD4)x-2 binding motif for x = 2 -4. Thus, reaction of Pt + with methane occurs by C-H bond activation to form PtCH2 + , which reacts with an additional methane molecule by C-H bond activation to form the platinum dimethyl cation. This proposed reaction mechanism is consistent with theoretical
explorations of the potential energy surface for reactions of Pt + with one and two methane molecules.
Introduction
Methane is the primary component of natural gas but is still associated with waste in both farming 1 and industrial 2 fields. Atmospheric content from anthropogenic and natural release of CH4 has increased from ~ 0.5 ppb yr -1 from 1999 -2006 to ~ 6 ppb yr -1 from 2007 -2011. 3 This increase has resulted in atmospheric CH4 levels that are ~ 150% greater than levels before 1750, as found in ice core samples. 3 Although CH4 emission is less than that of CO2, CH4 has a GWP (global warming potential) of 84 (20 year) and 28 (100 year) compared to CO2 (GWP = 1 for 20 and 100 years), 3 which makes atmospheric increases in CH4 an environmental concern. Surplus CH4 could be utilized as a valuable energy source and feedstock for synthesis of desirable chemicals. Thus chemical processes that can activate and/or functionalize CH4 are of great interest both environmentally and economically. 4 One economically important chemical process is conversion of CH4 to synthesis gas (CO + H2), a process that clearly involves the activation of C-H bonds. 5, 6 In the present study, the activation of multiple methane molecules by atomic platinum cations is investigated. The activation of CH4 by Pt + has been studied in the literature both experimentally [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and theoretically. [9] [10] [11] [12] 17 These studies show that at thermal energies, Pt + reacts with CH4 to dehydrogenate and form PtCH2 + + H2 products with a reaction efficiency ranging from 40 -84 % (compared to the Langevin-Gioumousis-Stevenson (LGS) collision rate 18 ). Results by Zhang et al. 12 show that this reaction rate is dependent on kinetic energy, which can explain the range observed in the experimental rates. A secondary reaction with CH4 by the [Pt,C,2H] + species to form [Pt,2C,4H] + has been observed in ion cyclotron resonance (ICR) mass spectrometry experiments, but with a reaction efficiency of only 1 -2 % of the LGS collision rate. 7, 8, 13 The tertiary dehydrogenation by the [Pt,2C,4H] + species to form [Pt,3C,6H] + was only ~ 0.5 % of the LGS rate. 7 The structural make-up of the [Pt,2C,4H] + and [Pt,3C,6H] + species is unknown, but Diefenbach et al. have suggested that a Pt + (C2H4) product is formed rather than Pt + (CH2)2. 19 Reactions of methane with platinum clusters, Ptn + where n = 1 -21, have also been examined. 11, 15, 16 Here, most small cluster sizes effect dehydrogenation of one methane with a reaction efficiency ≥ 18%, whereas n = 4, 10, 13, 14, and larger clusters (>15) react with efficiencies < 3%. Only clusters of n = 5 -9 and 11 were observed to dehydrogenate a second CH4 molecule forming [Ptn,2C,4H] + , whereas this work 15, 16 found the atomic ion did not undergo this reaction, in conflict with the ICR studies. 7, 8, 13 Previous spectroscopic studies of related systems include the vibrational spectroscopy of metal-methane clusters: Li + (CH4)1-9, 20, 21 Al + (CH4)1-6, 22 Mn + (CH4)1-6, 23 Fe + (CH4) [1] [2] [3] [4] 24 Fe2 + (CH4)1-3, 25 Co + (CH4)1-4, 26 Ni + (CH4)1-4, 26 Cu + (CH4)1-6, 27 Ag + (CH4)1-6, 27 and Pt3-5 + (CH4)(Ar). 28 Most relevant to the present work is the vibrational spectroscopic study of the PtCH2 + product formed in the Pt + + CH4 reaction as undertaken by Lapoutre et al. 17 This study utilized infrared multiple photon dissociation (IRMPD) spectroscopy with light provided by the Free-Electron Laser for IntraCavity Experiments (FELICE) beamline at the Free-Electron Lasers for Infrared eXperiments (FELIX) laboratory. 29 The IRMPD results are consistent with the spectrum calculated theoretically for the ground electronic state of PtCH2 + (a metal carbene), and not with HPtCH + ; however, a peak found at 1962 cm -1 , which was assigned to a combination band, could conceivably correspond instead to an overtone or originate from the Pt-H stretch of a HPtCH + species.
Originally, the intent of the present work was to use CD4 as a reactant to form PtCD2 + in order to verify the assignment of the 1962 cm -1 band by examining the resultant shifts in the vibrational spectrum. Unfortunately, FELICE was not available at the time of these experiments, such that the less powerful FELIX beamline was used instead. As discussed further below, FELIX was not capable of dissociating PtCH2 + /PtCD2 + , but could be used to spectroscopically study several complexes [Pt,xC,(4x-2)H/D] + where x = 2 -4, corresponding to dehydrogenation of one methane molecule followed by reaction with additional methane molecules. In this paper, these experimentally generated spectra are compared with those obtained computationally in order to provide structural elucidation of the product complexes observed.
Experimental and Computational Methods

Experiment.
The IRMPD experiments were performed using a molecular beam instrument 30 coupled with the FELIX beamline. 31 Briefly, the second harmonic of a pulsed Nd:YAG laser (532 nm) is used to generate metal cations by ablating a Pt foil supported by a stainless steel rod. A short helium pulse cools the ions by collisions while transporting them down a 3 mm diameter, 60 mm long channel. Further downstream (~50 mm), a methane and helium mixture (~1:5) is pulsed into the channel and reactions of CH4/CD4 molecules with Pt + occur. The extent of reaction is adjustable through manipulation of the gas pulse length and timing. The molecular beam undergoes subsequent expansion into vacuum and passes through a 2 mm diameter skimmer and a 1 mm diameter aperture, which are both electrically grounded. Once the ion beam has been shaped, it enters the irradiation region. A few microseconds after the laser pulse, reactant and product ions are extracted into an orthogonal reflectron time-of-flight (TOF) mass spectrometer (mass resolution ~ 1700). 31 The FELIX pulse comprises a macropulse of 10 μs length with a repetition rate of 10 Hz. The macropulse energy can reach up to 100 mJ and is composed of picosecond long micropulses spaced by 1 ns with a bandwidth adjustable from 0.2 -1 % RMS of the selected frequency. FELIX has a lower maximum power than FELICE, which can reach energies of up to 2 J in the cavity of the laser. 31 Two sets of TOF spectra are generated, one with IR exposure (Isig) and one without IR exposure (Iref). Unless otherwise stated, spectral results are shown in one of two distinct modes: depletion or growth. The yield for depletion spectra corresponds to the negative logarithm of Isig/Iref, as this corresponds directly to the cross section for photodissociation. 32 The yield for growth spectra are quantified by the formula, -ln[Isig,P/(Isig,P + Isig,F -Iref,F)], where P and F refer to parent and fragment, respectively. In both cases, the yield is corrected for fluctuations in laser power across the wavenumber range. In the present study, spectra are generally obtained by examining the 195 Pt isotope as this avoids potential contributions from IR induced dehydrogenation of heavier mass channels, e.g., [Pt,xC,4xH/D] + into [Pt,xC,(4x-2)H/D] + .
DFT Calculations.
All quantum chemical calculations in the current work were performed using Gaussian09 33 and the workstations in the Center for High Performance Computing (CHPC) at the University of Utah. Structural elucidation occurs through comparisons with vibrational frequencies generated by density functional theory (DFT). The current calculations replicate and expand upon our previous work for the Pt + + CH4 system. 12, 17 Geometry optimizations were initially performed with the B3LYP hybrid density functional 34, 35 and the def2-SVP basis set. 36 This basis set utilizes a split valence and added polarization functions for the atoms and a 60 electron core quasirelativistic multielectron effective core potential (ECP) on Pt + . Starting structures from the B3LYP/def2-SVP calculations were used for further geometry optimizations at the B3LYP level of theory with the def2-TZVPPD and mDZP/def2-TZVPPD basis sets. The def2-TZVPPD basis set is a balanced triple-ζ valence basis set with double polarization and diffuse functions on all elements. This is an all electron basis set for C and H and a small-core ECP on Pt, 36 so that its 5s, 5p, 6s, 6p, and 5d electrons are explicitly treated in the basis set. This approach matches the previous work done by Lapoutre et al. 17 In addition, we take note of a recent study concerning cisplatin, which performed a detailed examination of the role of basis set and level of theory. 37 Results showed DFT with hybrid functionals (such as B3LYP) led to the best agreement with experimental values. The recommended mDZP basis set for Pt was an all-electron basis set consisting of [8s7p5d2f] primitive orbitals with a d diffuse function. Here the mDZP/def2-TZVPPD basis set treats Pt with mDZP and the C and H atoms with the def2-TZVPPD basis set.
Additional single point energy calculations were performed using B3LYP geometries at the MP2(full) level with the def2-TZVPPD (referred to simply as def2 below) and mDZP/def2-TZVPPD (referred to simply as mDZP below) basis sets.
Because the [Pt,xC,(4x-2)H/D] + complexes include weak interactions of intact methane molecules with an ionic core, we also explored whether theoretical results including dispersion corrections might be needed. Calculations including dispersion corrections are labeled B3LYP-GD3BJ, where GD3BJ denotes the D3 version of Grimme's dispersion 38,39 with additional Becke-Johnson damping, 40, 41 and were performed with both the def2 and mDZP basis sets. The dispersion corrections result in small shifts in our relative energetics but little or no change in the predicted vibrations, as illustrated in Figure S1 in the Supporting Information.
Experimental and theoretical spectra are compared after convoluting the theoretically predicted vibrational frequencies with a Gaussian line shape having a width of 15 cm -1 (fwhm ≈ 35 cm -1 ). In addition, the theoretical frequencies are scaled by a basis set dependent global scaling factor that compensates for deficiencies in the calculated vibrations, anharmonicity, and red-shifting of experimental data related to the absorption of multiple photons in the IRMPD process. Scaling factors of 0.983 for def2-SVP and def2-TZVPPD and 1.000 for mDZP/def2-TZVPPD basis sets were used in the current work. As shown below, these scaling factors applied to frequencies of the Pt(CH3)2 + (CH4)x-2/Pt(CD3)2 + (CD4)x-2 binding motif, for x = 2 -4, were found to best replicate experimental spectra over the entire wavenumber range.
Experimental Results
Products for Pt + + x CH4/CD4, x = 1 -4.
When the amount of methane available for reaction is minimized, the dominant reaction observed is dehydrogenation of CH4/CD4 by Pt + to form PtCH2 + /PtCD2 + , consistent with observations in the literature. 7, 8, [12] [13] [14] [15] [16] [17] Despite repeated attempts and verification that the laser and ion beam overlapped well, these species could not be photodissociated using the FELIX beamline, in contrast to our previous results utilizing FELICE. 17 Failure to undergo dissociation can be directly attributed to the limited power available from FELIX. This negative result demonstrates that our previous ability to directly examine a four-atom system is a consequence of the enhanced power available in the intracavity arrangement of FELICE. This allows the experiment to overcome the inefficient intramolecular vibrational redistribution (IVR) associated with the sparse vibrational manifold of the four-atom system. 42, 43 As the amount of methane was increased, products associated with the addition of up to 3 methane molecules to the initial PtCH2 + /PtCD2 + products were formed, [Pt,xC,(4x-2)H/D] + .
Notably, no evidence for double dehydrogenation products [Pt,xC,(4x-4)H/D] + were found under these conditions; however, small amounts of CH4/CD4 cluster products with no dehydrogenation were formed, [Pt,xC,4xH/D] + for x = 2 -4, as shown in the mass spectra of Figure S2a . These latter products also exhibit photodissociation activity (as shown in Figure S2a at 1195 cm -1 ) but
have not yet undergone further investigation. Figure S2b shows the dependence of PtCH2 + formation on wavenumber, with clear product growth centered at 1195 cm -1 . 
Experimental Spectra for [Pt,xC,(4x-2)H/D] + . Depletion yield spectra (Isig/Iref) for
[Pt,4C,14H/D] + mass channels are shown in Figure 2 . For the CH4 system, there are distinct peaks at 565 and 860 cm -1 and an additional broad, low intensity absorbance centered around 725 cm -1 .
Above 1000 cm -1 , there are three distinct peaks at 1225, 1255, and 1345 cm -1 . The reaction with CD4 produces similar spectra to that of CH4 but all peaks are shifted to lower frequency, as expected. Corresponding peaks in the H/D spectra are located at 860/640, 1225/940, 1255/965, and 1345/1015 cm -1 , such that all peaks are shifted by a similar factor of 0.76  0.01. The grouping of peaks in the 900 -1100 cm -1 range have similar absorption intensity ratios to those seen in the CH4 system; however, peaks in the 400 -1000 cm -1 range of [Pt,4C,14H] + have lost significant intensity when deuterated. Additionally, the [Pt,4C,14D] + spectrum shows a broad peak centered at 1970 cm -1 , which would be shifted out of range for [Pt,4C,14H] + .
Depletion spectra for the [Pt,3C,10H/D] + channels can be seen in Figure 3 . The CH4 system has five peaks present at 545, 815, 1210, 1245, and 1360 cm -1 , homologous to the spectrum for [Pt,4C,14H] + . The reaction with CD4 produces similar results, with peaks located at 495, 605, 935, and 1005 cm -1 . Except for the first peak, the peaks have once again shifted by a scaling factor of 0.75  0.01, and again, the heavier D atoms lead to less distinct peaks (especially for the closely spaced doublet near 935 cm -1 ). Additionally, this shift has brought into range stretches not seen for the perprotiated system with the appearance of a broad peak centered at 1930 cm -1 . Figure 4 , major peaks are found at 540, 820, 1240, and 1345 cm -1 for the CH4 species with equivalent CD4 species peaks at 500, 620, 930, and 1015 cm -1 . Except for the first peak, the peak positions are shifted by a factor of 0.75  0.01.
When [Pt
Again a large peak at ~1950 cm -1 has shifted into the experimental range for the CD4 species and may be accompanied by a smaller peak at 1710 cm -1 .
As noted above, when experimental conditions were set to minimize the amount of Figure 5 and show peaks at 1210/925 cm -1 , a shift by a factor of 0.76. A low intensity, broad peak is also present for the CH4 system at 1370 cm -1 . The growth spectrum for the CD4 system is over an order of magnitude smaller than that of the CH4 system, in contrast to the relative intensities for the larger complexes. This observation is discussed further below. (CH4)PtCH2 + ; a platinum dimethyl cation, Pt(CH3)2 + ; and a hydrido platinum carbene methyl cation, HPtCH2(CH3) + . As will be seen below, these are possible low-lying species formed along the potential energy surface in the reaction of PtCH2 + + CH4. Conceivably, the two carbons can couple as well, such that other species that could be considered include a platinum ethane cation, Pt + (C2H6); a hydrido platinum ethyl cation, HPtC2H5 + ; a platinum ethene complex with two hydrides or a dihydrogen adduct, H2Pt + (C2H4) and (H2)Pt + (C2H4); or a platinum ethylidene cation with two hydrides or a dihydrogen adduct, H2PtCHCH3 + and (H2)PtCHCH3 + . Some evidence against any of these species having a C-C bond is that they are expected to lead to formation of [Pt,2C,4H] + , which is not observed in the present experiments under any conditions, e.g., Figure   S2a . This expectation results from previous experimental results that show Pt + exothermically dehydrogenates ethane twice as efficiently as Pt + dehydrogenates CH4. 16 Further, theoretical studies indicate that formation of the ethene complex Pt + (C2H4) + H2 is 1.69 eV below Pt + + C2H6 reactants (1.47 eV if the PtCHCH3 + ethylidene cation is formed). 44 As will be seen below, theory also indicates that formation of both [Pt,2C,4H] + products from PtCH2 + + CH4 reactants is exothermic by about 0.5 and 0.3 eV, respectively. Table 1 . Relative energies are reported for several different levels of theory and basis sets. The doublet spin state was found to be lowest in energy for all levels of theory, basis sets, and structures examined. Quartet spin structures examined were much higher in energy, paralleling previous work on the PtCH2 + system. 12, 17 Calculations on the various [Pt,2C,6H] + structures suggested above located eight stable isomers, with four of these structures shown in Figure 6 and all [Pt,2C,6H] + structures shown in Figure S3 of the Supporting Information. As seen in Table 1 , calculations find that (H2)Pt + (C2H4)
Theoretical Results and Discussion
is the lowest energy structure for the majority of the calculations, the exception being B3LYP/def2-SVP. The next lowest energy isomer depends on the level of theory and basis set, but is either HPtC2H5 + (def2) or Pt(CH3)2 + (mDZP). The energetic order for the other structures listed in Table   1 varies with the theoretical approach but all are higher in energy by at least 0.10 eV when compared to the HPtC2H5 + and Pt(CH3)2 + species. Two orientations of an intact ethane molecule bound to Pt + were located ( Figure S3 ) and designated as "end", when Pt is bound to only one methyl group, or "bod", when Pt is bound across the C-C bond. Geometry optimizations for (H2)PtCHCH3 + and H2Pt + (C2H4) structures converged to the H2PtCHCH3 + and (H2)Pt + (C2H4) intermediates, respectively, and were not investigated further in the current work.
Given this starting point, seven unique isomers of the [Pt,3C,10H] + complex were examined computationally, with the structures shown in Figure 7 . The addition of a single methane molecule to [Pt,2C,6H] + has only a small effect on the binding motifs, but does shift the relative energetics for some of the intermediates. The relative energies listed in Table 1 show that the (H2)Pt + (C2H4)(CH4) structure is lowest in energy at all levels of theory (except for B3LYP/def2-SVP where it is only 0.01 eV above the ground structure). The next lowest energy isomer depends on the level of theory and basis set and is either the Pt(CH3)2 + (CH4) or Pt + (C2H6)(CH4) structure.
The HPtC2H5 + (CH4) species is 0.12 -0.70 eV above the ground isomer. Alternative structures, (H2)PtCHCH3 + (CH4), PtCH2 + (CH4)2, and HPtCH2(CH3) + (CH4), lie at least 0.57 eV above the ground isomer. Geometry optimizations did not produce a stable structure that would correspond to the Pt + (C2H6)_bod precursor.
Addition of one more methane molecule yields seven unique isomers of the [Pt,4C,14H] + complex, Figure 8 . Calculations for the (H2)Pt + (C2H4)(CH4)2 structure failed to converge, which can be rationalized if the ethene ligand occupies two ligation sites. For Pt(CH3)2 + (CH4)2, two structures were located with "cis" and "trans" denoting the relative location of the two methyl (or methane) groups. The cis isomer has a H3C-Pt-CH3 bond angle of 91 -93°, whereas the "trans" species has a bond angle of 155 -156° and is higher in energy by 0.40 -0.86 eV. Calculations performed with the def2 basis set agree that the Pt(CH3)2 + (CH4)2_cis structure is the lowest energy isomer, whereas B3LYP/def2-SVP calculations favor the HPt + (C2H5)(CH4)2 structure by 0.08 eV over the Pt(CH3)2 + (CH4)2_cis structure. Likewise, B3LYP/mDZP and B3LYP-GD3BJ/mDZP calculations predict that the Pt(CH3)2 + (CH4)2_cis structure is now 0.06 -0.13 eV higher in energy than the Pt + (C2H6)(CH4)2 lowest energy structure, whereas MP2(full)/mDZP calculations place the latter structure 0.22 eV higher in energy. H2PtCHCH3 + (CH4)2, PtCH2 + (CH4)3, and HPtCH2(CH3) + (CH4)2 structures are 0.21 -0.67, 0.71 -1.33, and 0.59 -1.02 eV, respectively, higher than the ground isomer.
Spectra.
Vibrational frequencies generated with different basis sets required unique scaling factors for accurate comparison with experimental spectra. These scaling factors were determined by fitting the most intense experimental peak to the computed spectrum of the isomer that best matched experiment. Comparisons between spectra computed using the different basis sets with experimental spectra can be found in Figures S4 and S5 of the Supporting Information for [Pt,4C,14H/D] + and [Pt,3C,10H/D] + . Vibrational spectra from all three basis sets examined compared favorably to the experimental spectra; however, the two def2 basis sets clearly replicate the entire experimental spectra better than the all-electron mDZP basis set. Vibrational frequencies from B3LYP/def2 calculations most accurately reproduce experimental spectra and therefore will be used in the remainder of the paper.
Comparison of the experimental and theoretical spectra for five select isomers of [Pt,4C,14H/D] + are shown in Figure 2 , and the two additional isomers can be seen in Figure S6 of the Supporting Information. For ease of comparison, positions of peaks below are listed as perprotiated/perdeuterated values. For the most intense peak at 1225/925 cm -1 , reasonable agreement is found for the Pt(CH3)2 + (CH4)2_cis, HPtCH2(CH3) + (CH4), and HPtC2H5 + (CH4)2 structures, with Pt + (C2H6)(CH4)2, PtCH2 + (CH4)3, Pt(CH3)2 + (CH4)2_trans, and H2PtCHCH3 + (CH4)2 spectra failing to match the experimental spectra in most respects. Arguably, the Pt(CH3)2 + (CH4)2_cis structure does the best job of reproducing the experimental spectra over the whole range. Specifically, the spectra for HPtC2H5 + (CH4)2 and HPtCH2(CH3) + (CH4)2 fail to reproduce the doublet of peaks at 1225 and 1255 cm -1 , whereas the dimethyl structure does. In the wavenumber range below 1000 cm -1 , the HPtC2H5 + (CH4)2 spectrum for both perprotiated/perdeuterated systems show blue shifting of the theoretically predicted peak when compared to the experimental peaks at 860/640 cm -1 . Likewise, the spectrum for the HPtCH2(CH3) + (CH4)2 structure shows four distinct peaks in the 400 -1000 cm -1 range (three peaks below 700 cm -1 for the deuterated analogue) that are inconsistent with the three (one) peaks found experimentally. From an energetic point of view, the HPtC2H5 + (CH4)2 species is potentially populated, whereas HPtCH2(CH3) + (CH4)2 lies considerably higher in energy (> 0.59 eV) for all levels of theory (Table 1) . Overall, although we cannot rule out the presence of small amounts of the HPtC2H5 + (CH4)2 and HPtCH2(CH3) + (CH4)2 structures, the Pt(CH3)2 + (CH4)2_cis species is capable of explaining the experimental spectra. Note that the failure to see any evidence for the Pt + (C2H6)(CH4)2 structure appears in disagreement with the calculations (notably using the mDZP basis set) that predict this structure is the lowest energy form of [Pt,4C,14H/D] + , Table 1 . as well as Pt(CH3)2 + (CH4) for the intense doublet peak or in the lower frequency range of the perprotiated and perdeuterated spectra. In particular, HPtCH2(CH3) + (CH4) fails to replicate the distinct peaks at 545/500 cm -1 seen in the experimental spectra, whereas Pt(CH3)2 + (CH4) does.
Further, this species is higher in energy by at least 0.52 eV when compared to the dimethyl structure, Table 1 . The HPtC2H5 + (CH4) species has peaks that are both blue and red shifted in the lower 400 -1000 cm -1 range, such that it poorly reproduces the experimental spectra in this range. Table S1 and Figures S8 and S9 . 9, 10, 12 Relative energies determined at the B3LYP/def2 level are lower in energy by 0.25 -0.50 eV when compared to theoretical results from Zhang et al., 12 except for HPtCH3 + , which is higher by 0.03 -0.12 eV, but remains the lowest energy intermediate.
B3LYP/def2 energies show that formation of PtCH2 + + H2 products is exothermic, in agreement
with the majority of literature calculations, the exceptions being B3LYP calculations with the TZ-HW+ and TZ-HW+X basis sets performed by Zhang et al. 12 This exothermic behavior is consistent with experiment, which finds that the Pt + + CH4 reaction efficiently forms PtCH2 + + H2 at thermal energies. 7, 8, [12] [13] [14] [15] [16] [17] The overall reaction exothermicity for dehydrogenation of methane by Pt + was found experimentally to be 0.09 ± 0.08 eV, 12 in reasonable agreement with most calculations, including the present B3LYP and B3LYP-GD3BJ values of 0.37 and 0.43 eV, with the MP2 results showing the largest deviation (exothermicity of 0.56 eV), Table S1 . These computational results can also be directly compared with experimental measurements that locate the HPtCH3 + intermediate 1.77 ± 0.08 eV lower in energy than the Pt + + CH4 reactants, similar to our B3LYP/def2 and B3LYP-GD3BJ/def2 values of 1.46 and 1.58 eV, Figure S8 , but substantially different from the MP2 value of 2.31 eV.
The study of Zhang et al. 12 found that they could generate the HPtCH3 + species from reaction of Pt + and methane in observable quantities under the high pressure conditions available in their flow tube source. Such conditions may also be relevant for the molecular beam environment used here. Therefore, we considered two likely starting points for sequential reactions with additional CH4 molecules: either the bimolecular product, PtCH2 + , or the trapped intermediate, HPtCH3 + .
Calculations were performed for the reactions of both PtCH2 + and HPtCH3 + with CH4.
The PES shown in Figure 9 examines the PtCH2 + + CH4 reaction at the B3LYP and B3LYP-GD3BJ levels of theory, with optimized B3LYP/def2 structures located in Figure 6 . A more complete PES can be found in Figure S10 of the Supporting Information with corresponding structures in Figure S3 . Table 2 lists energies relative to PtCH2 + + CH4 reactants calculated at the B3LYP, B3LYP-GD3BJ, and MP2(full) levels of theory using the def2 basis set. As noted above, the present MP2(full) results yield values that are substantially lower than experimental values for the Pt + + CH4 reaction, Table S1 . Hence these values are not included in the following discussion (although they are included in Table 2 for completeness). dispersion corrections. The lack of experimental evidence for a second dehydrogenation is consistent with the high energy of this step. After HPtC2H5 + formation, subsequent dehydrogenation can occur through two separate pathways and is found to be exothermic by 0.53 -0.62 eV for Pt + (C2H4) + H2 and 0.29 -0.37 eV for PtCHCH3 + + H2. A detailed mechanism for formation of these dehydrogenated products from the reaction of Pt + + C2H6 was found by Ye et al. at the B3LYP/LANL2DZ(modified for Pt)/6-311G**(C,H) level. 44 Relative to the HPtC2H5 + intermediate, their work finds that these two dehydrogenation product channels lie 0.63 and 0.85 eV, respectively, higher in energy, with no barriers along the pathway higher than the final products, as indicated in Figure 9 . Our B3LYP/def2 calculations yield relative energies 0.63 and 0.87 eV, respectively, reproducing the values from Ye et al., 44 Table 2 , clearly indicating this channel is inaccessible in the present experiments.
Furthermore, both pathways leading to Pt + (C2H6) have barriers with energies in excess of the reactants, consistent with the failure to see spectral evidence for this species and also the failure to observe any subsequent dehydrogenation yielding Pt + (C2H4).
The PES for the HPtCH3 + + CH4 reaction is shown in Figure S11 with relative energies calculated at the B3LYP/def2 level found in Table S2 and structures in Figure S12 complex, H2 formation has a barrier of 0.14 eV above reactants and yields (H2)Pt(CH3)2 + , 9, 0.12 eV more stable than reactants. Subsequent H2 loss to yield the platinum dimethyl cation requires another 0.63 eV of energy, 0.51 eV above the reactants. Overall, this PES shows that formation of Pt(CH3)2 + from reaction of HPtCH3 + with CH4 is not an energetically feasible route.
Conclusion
Atomic platinum cations are observed to react with x = 1 -4 molecules of methane (both CH4 and CD4) to dehydrogenate once and add additional methane molecules yielding , with a much lower efficiency for the perdeutero system. These observations are consistent with sequential elimination of CH4/CD4 and require overlap between the spectra for the two precursors, which is decidedly worse for Pt(CD3)2 + (CD4) and Pt(CD3)2 + structures compared to the perprotiated analogues.
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